The massively parallel computation of absolute binding free energy with a well-equilibrated As an application, we perform the binding affinity calculations of six theophylline-related ligands with RNA aptamer. Basically, our method is applicable when using many compute nodes to accelerate simulations, thus a parallel computing system is also developed. To further reduce the computational cost, the adequate non-uniform intervals of coupling constant λ, connecting two 
I. INTRODUCTION
To accurately compute the free energy difference between two thermal equilibrium states (∆G) is of interest in computational science and of importance in terms of drug discovery [1] .
It can help us obtain a quantitative understanding of molecular complexes from atomic-scale, and also provide valuable information for use in structural refinement for drug design. Generally speaking, to discuss chemical reaction, we have to determine the free energy change within so-called chemical accuracy (∼ 1 kcal/mol), which is very challenging. Popularly, several free energy calculations have been carried out within the framework of the thermal equilibrium approach. For instance, free energy perturbation (FEP) [2] and thermodynamic integration (TI) [3] have been widely used to calculate the free energy change associated with the transformation of one ligand into another via thermodynamic cycles [4, 5] . Certainly, the recent improvement in these methods and the increase in computer resources have enabled us to calculate the absolute binding energy concerned with very small organic compounds [6, 7, 8, 9] . However, equilibrium approaches involving most rigorous technique, known as the double decoupling method, require long time simulation to maintain the reversibility about the work associated with the decoupling process. As a more approximate method, the molecular mechanics Poisson-Boltzmann surface area (MM-PBSA) analysis [10] has been a popular method to obtain absolute binding free energies within a reasonable time.
In this approach, explicit waters and mobile counter ions are treated by the continuum model after obtaining the molecular dynamics (MD) trajectory. Since the normal mode analysis is time-consuming, the contribution of solute entropy is often approximated based on the average of a few snapshots. On the other hand, in the nonequilibrium statistical approach, Jarzynski recently derived a nonequilibrium work theorem that is valid in far from equilibrium regime [11, 12, 13, 14, 15, 16, 17, 18] , although accurate numerical estimates of the exponential average, based on a finite number of sampled works, are relatively difficult [19] .
Shirts et al. proposed the acceptance ratio (AR) method [20, 21, 22, 23] to estimate the free energy difference and also calculated the binding free energies for eight FKBP12-ligand complexes [24] using the "folding@home" system. Furthermore, our previous work [25] suggested the efficiency of the use of general AMBER force field (GAFF) [26] for ligands to obtain the predictive binding estimates, and simultaneously indicated the importance of starting structures for simulations. In our method the use of many independent compute nodes or a grid computing system is effective to accelerate simulations, whereupon we also developed a massively parallel computing system, "BioServer", consisting of 1920 microprocessor elements, to efficiently perform the binding free energy calculations. Hereafter, our method is referred to as the massively parallel computation of absolute binding free energy with a well-equilibrated system (MP-CAFEE).
The principal aim of this study is to explore the practical feasibility of our methodology, based on a nonequilibrium approach. We have performed the calculation of the absolute binding free energy for theophylline and its analogs to the RNA aptamer. On the same system, Gouda et al. reported the results of free energy calculations using two different methods, TI and MM-PBSA [27] . Therefore, this system is a good platform to compare the ability between two different methods, namely the equilibrium and nonequilibrium approach. The paper is organized as follows. We initially describe the theoretical background and simulation protocol of binding free energy estimation used through this work, before subsequently explaining the choice of coupling constant λ intervals connecting two equilibrium states in Sec. II. The results for all RNA-ligands are presented and discussed in Sec.
III. After pointing out the key features of this system, we conclude in Sec. IV.
II. COMPUTATIONAL DETAILS
In general, the methods used to calculate the free energy difference in molecular simulations can be classified as either equilibrium or nonequilibrium approaches. Several approaches based on thermal equilibrium, e.g. FEP, TI and the potential of mean force using weighted histogram analysis method with umbrella sampling [28] , have been attempted to compute the free energy difference between two equilibrium states. However, the equilibrium approaches encounter the difficulty of removing the nonequilibrium contributions, known as the hysteresis problem [29, 30, 31] . In order to overcome this difficulty, a long time simulation must be performed, to retain the reversibility of quasistatic process associating with the thermal equilibrium. Recently, Jarzynski's equality exactly relates the free energy difference of two equilibrium states i and j to the statistics of works via a nonequilibrium, irreversible process that connects them as exp(−∆G/k B T ) = exp(−W/k B T ) , where W is the work change of a system from i to j under isothermal isobaric (NPT) conditions [32] . A remarkable feature of Jarzynski's equality is the fact that the switching time between two states is arbitrary. Subsequently, when the process occurs instantaneously, the work can be defined by the potential energy difference as W ≡ U(λ j , x) − U(λ i , x), where U and x are the potential function and configurational coordinates, respectively. A coupling constant λ is imposed on the path connecting two states. The fluctuation theorem (FT) related with P i→j (W ) and P j→i (W ) of the work probability distributions along the non-equilibrium forward (i → j direction) and reverse (j → i direction) processes is derived by Crooks [13] as
The ratio between P i→j (+W ) and P j→i (−W ) depends only the value of the free energy difference ∆G. Shirts et al. pointed out that the maximum likelihood ∆G is given by AR analysis, namely, the control parameter in AR analysis must correspond to the free energy difference [21] . Since two irreversible work distributions in forward and reverse directions cross at W = ∆G, both distributions must have a large overlap to obtain the free energy estimate with high accuracy. Subsequently, after applying the multi-staging method, the intermediate stages are inserted onto the path between two states i and j, with the total free energy change obtained as the sum of the differences. This type of usage, involving the insertion of many intermediate states on the path connecting two states, seems to be effective. However, since economical issues also play a role because many λ require significant computing resources, we have now addressed the issue concerned with determining the adequate choice of each λ interval. First, potential energy is parameterized by λ, followed by the introduction of the λ dependency to the nonbonded interactions. In order to avoid instability near the end-points of the vanishing atoms through calculation, the non-bonded interaction energy U(λ C , λ LJ ) between the ligand and others, including the so-called soft-core potentials, is used [33] . We also use two kind of coupling constant λ for representing two different potential energies: the fully bound state (λ C = λ LJ = 0) and the unbound state (λ C = λ LJ = 1). Hereafter, the free energy component resulting from turning off the electrostatic potential (λ
as the electrostatic contribution. We also denote the free energy component for the process of (λ C = 1, λ LJ = 0 → 1) as the van der Waals contribution. Next, we investigate the convergence properties of the free energy when the number of equal λ spacings (≡ N) increases. A trajectory at each intermediate λ i is obtained via the standard MD simulation. As already noted, the work associated with the forward path is obtained to compute the potential energy
Using a trajectory at λ i+1 , the work on the reverse path is also obtained as
, while the free energy ∆G i,i+1 can be estimated using both work distributions of W F (i, i+1) and W R (i, i+1)
by the AR algorithm, thus the free energy difference is ∆G =
. In general, ∆G is being converged as the number of N increases. N 0 is defined as a large enough number to obtain the well-converged value of ∆G (≡ ∆G 0 ). We also define ∆G(λ n ) = n−1 i=0 ∆G i,i+1 . Finally, to reproduce the feature of ∆G 0 (λ n ), the adequate mesh points of λ are determined to be satisfied with the following requirements: 1) the small difference between ∆G and ∆G 0 ; 2) the small root mean square (rms) error between ∆G(λ n ) and ∆G 0 (λ n ). The rms error used here is defined as (1/N)
. Now, we have applied this manner to an RNA-theophylline system. Using the first 100
ps MD simulation N 0 were determined as 20 for electrostatic contribution and 40 for van der Waals contribution respectively. As can be seen from Table I, 
In our study the three-dimensional structure of the RNA-theophylline complex proposed by Clore et al. [34] (PDB code 1O15) was used as a modeling. We assumed that the bind-ing sites for six ligands fit into the structural framework of the original RNA-theophylline structure because the structures of other complexes were not experimentally determined.
All MD simulations were performed using a modified version of the GROMACS package (v3.1.4) [35] with single precision to speed up the execution. The Amber force field parameters (ff99) were used to describe the RNA aptamer, including 1-4 interactions between hydrogen atoms, while the force field parameters for Mg 2+ ions [36] were also used from the Amber package. The atomic structure of the theophylline molecule was optimized in a vacuum using Gaussian 98 (Gaussian, Inc.) with the HF/6-31G * single-point energy calculation, while the atomic charges were calculated using the restrained electrostatic potential (RESP) method [37] and the ANTECHAMBER program was used to assign the GAFF for each atom. The chemical structures of the ligands investigated here are shown in Fig. 2 , while the electrostatic potential surface of these molecules, computed using the Adaptive
Poisson-Boltzmann Solver (APBS) package [38] after using the RESP charge fitting are also
shown. It is clear that hypoxanthine has a slightly different charge distribution around the lower left-hand side of the molecule as compared to other molecules. The TIP3P model for water molecules was used to describe the solvent [39] .
Through this study we obeyed the following parameters for all MD simulations. Integration of the equation of motion was performed using the leap-frog algorithm and all bonds were constrained by LINCS [40] with order 8. We used the time step of 2.0 fs while the nonbonded pair list of 1 nm was updated every 10 steps. All simulations were carried out at T = 298 K using the Nose-Hoover [41, 42] temperature control and at 1 atm using the Berendsen [43] pressure control respectively, with a time constant of 0.5 ps and a compressibility of 4.5×10 −5 bar −1 . The particle mesh Ewald (PME) [44] summation was used to evaluate the electrostatic interactions with a grid spacing of approximately 0.12 nm, a cubic spline order of 4 and relative tolerance between long and short range energy of 10 −8 . The L-J interaction energy was calculated by a switched cutoff between 0.8 nm and 0.9 nm. We also included long range correction to the energy and pressure. We used the truncated octahedron box as a unit cell with periodic boundary conditions, while for the solvated ligand system, we adopted the unit cell size, maintained no closer than 0.85 nm from each face of the box, and introduced about 238 to 282 TIP3P water molecules into the unit cell. RNA-ligand complexes were prepared in which the minimum distance was 0.75 nm between the nearest unit cell wall on either side, while the number of TIP3P water molecules used were either 6 2+ ions into the complex according to the paper of Gouda et alt [27, 45, 46] and also added 26 Na + counter-ions to the complex to neutralize the system.
One of the difficulties for computing the binding free energy is the preparation of starting structure sampled from the canonical ensemble at the desired temperature T [25] . The following procedure was used. We performed energy minimization using the conjugate gradient method, followed by the MD simulation of 20 ps relaxation with the solute positions restrained. In order to attain the thermal equilibrium state (λ C =λ LJ = 0), 10/15 ns MD calculations were typically used for the solvated ligand and the RNA-ligand complexes.
Through this process, used to conclude the system to be equilibrated, the total potential energy of the system and the local electrostatic and van der Waals potential energies between RNA and ligand were carefully monitored. Via the multi-stage method we adopted an atomic structure at λ= 0 after completing the preconditioning MD simulation as a starting Table II and it can be found that the favorable structure of this complex is mainly driven by the van der Waals interaction.
We further comment on the computational cost required to obtain the converged ∆G.
Since the ratio of the simulation time between the solvation and complexation is relatively small, we only consider the simulation time for obtaining ∆G Complex . In this system, a total of 330 ns MD simulations for obtaining ∆G Complex were used. However, our approach is applicable for the use of many compute nodes to accelerate calculations, meaning the use of a parallel computing system, including a grid environment, is the key to diminishing the computation turnaround time.
B. Caffeine
Caffeine differs from theophylline by a single methyl group as shown in Fig. 2 . Each component, once decomposed from estimated binding energies, was tabulated in Table II .
It is evident that the significant difference of 5.1 kcal/mol between the theophylline and caffeine bindings is mainly attributable to the electrostatic contribution (4.6 kcal/mol). We now address and attempt to explore the reason why the affinity between RNA and caffeine is drastically reduced in comparison with that between RNA and theophylline. Due to the typical snapshots, both ligands preferably bind within the pocket of an RNA, as illustrated are shared to be bound by both a nitrogen atom (C22(N3)) and an oxygen atom (C22(O2))
in the solvated RNA-theophylline complex as shown in Fig. 4(a) , while these hydrogen bonds vanish in the solvated RNA-caffeine complex in Fig. 4(b) . The hydrogen bond contributing to binding energy for the RNA-theophylline system is ∼ 0, while the decrease in the number of hydrogen bonds for the RNA-caffeine system is ∼ 0.6. The contribution energies to binding free energies are roughly ∼ 0 kcal/mol for the RNA-theophylline system and ∼ 3.6 kcal/mol for the RNA-caffeine system, based on a presumed hydrogen bond energy of ∼ 6 kcal/mol. Therefore, the decrease in the hydrogen bonds represents the main reason for the significant difference in affinity between the RNA-theophylline and RNA-caffeine systems.
C. Other molecules
To obtain a thermal equilibrium binding structure, we similarly set the initial locations Consequently, the efficiencies of both our method and the TI method for estimating the relative binding free energies are virtually comparable. Here, we should point out that our method directly estimate the absolute binding energies, whereas the TI method only compute the relative binding energies. We also point out that the absolute binding free energy for the RNA-hypoxanthine system is partly shifted about 1.5 kcal/mol from the linear relation, which means this result might suggest consideration be taken of another binding site for hypoxanthine binding. 2) There is a constant energy shift of ∼ -7 kcal/mol from the experimental values ∆G expt as can be seen in Fig. 5 . Detailed discussions for the latter are given below.
In general, since water molecules play an important role in free energy calculation, we have performed calculations of ∆U local as the sum of short-range electrostatic interaction energy and van der Waals interaction energy between RNA and ligand. The sample averaged values during 1 ns MD simulations after reaching the thermal equilibrium state are shown in Fig. 6 .
In comparison with Fig. 5 , our method can reproduce the trend in both 1-methylxanthine and xanthine well, although the large shift (≃ 2 kcal/mol) from a linear relation between ∆U local and ∆G expt was evident. Consequently, our method evidently takes the effect of water molecules into consideration.
D. Constant energy shift
The computed absolute binding free energies were approximately -7 kcal/mol smaller than those obtained by the experiment. How do we solve the puzzle underlying the difference between them? We briefly comment on the presumed reasons to solve this puzzle. First, it is well known that nucleic acid, e.g. RNA or DNA, is generally flexible in solution [47] . There are a number of metastable states in free energy space and long term residence at a single valley, resulting in anomalously slow dynamics. Namely, the ensemble average of several capable atomic structures was observed in the experiment. Thus, in the RNA-theophylline system we examined exploration of another metastable structure using a simulated annealing technique as follows: We first prepared a slightly expanded unit cell that was sufficient to treat the RNA relaxing. Theophylline and RNA aptamer was solvated in a truncated octahedron box with 3 Mg 2+ ions, 26 Na + counter-ions and 9325 TIP3P water molecules.
Next, energy minimization and position restrained MD simulation were carried out in the same manner, as described in II. We also set a simulation temperature of 398 K to disturb the stable complex structure during the simulation time of 100 ps. Consequently, a (meta)stable atomic configuration was obtained by annealing to 298 K. One of the characteristic features was that a Mg 2+ ion leave from the center of the U-turn of C22-U24. Binding free energy of -3.3 kcal/mol was obtained by AR analysis with simulation of up to 1 ns MD, by discarding the first 400 ps runs, which is significantly small compared with the strongly binding structure described in Sec. IIIA. The feature of convergence of the free energy estimation as a function of the MD step for this weakly binding structure was also drawn in Fig. 3 . We further divide the binding free energy into electrostatic and van der Waals components. Binding free energy of -0.4 kcal/mol is contributed from the electrostatic part, whereas, -3.0 kcal/mol is contributed from the van der Waals part. Second, we examined the influence of the atomic charges of the ligand. Here, AM1-BCC charges [48] of the ligand generated from MOPAC2002 were tested. ∆G Solv of -17.7 kcal/mol was obtained, while ∆G Complex of -33.7 kcal/mol was also obtained up to 1 ns MD simulations. Both values increased by ∼ 3 kcal/mol as compared to those using RESP charges; hence we obtained binding energy of -15.9 kcal/mol, which is very close to the value of -16.1 kcal/mol using RESP charges.
Third, the convergence of binding energy was explored. The solvation energy ∆G [25] . Then, several researchers have tried to solve this issue by different approaches [49, 50, 51] . Currently, we believe that this energy shift can be interpreted by the difference of the force field used. The energy shift vanishes when we use the GAFF for representing the potential of the protein to further improve the consistency.
Therefore, we examined computing the binding energy using GAFF representing all atoms in the RNA-theophylline system. ∆G Solv of -14.2 kcal/mol was obtained, while ∆G Complex of -27.0 kcal/mol was also obtained, so we obtained a free energy difference ∆G of -12.8 kcal/mol. This value still represents an approximate shift from the experimental values by 4.0 kcal/mol. Finally, since an RNA has significant negative charges, we believe the fact that the charge polarizability of an atom is influenced by electrostatic interactions with its surrounding atoms, becomes important [52, 53, 54] . For this reason the polarizable potential model might be considered, however, as the computational cost rises significantly, we have not yet examined this ability. Consequently, this puzzle remains a major challenge in the RNA-ligand system.
IV. CONCLUSION
In conclusion, we have introduced the method (MP-CAFEE) as a highly accurate means of obtaining the absolute binding free energy. This method has been applied to investigate the properties of the RNA-ligand system. Since our method is suitable for the use of many compute nodes, we have also developed a massively parallel computing system to effectively accelerate simulations. To further reduce the computational cost, we determined the adequate non-uniform intervals of two coupling constants and consequently obtained the following details: First, our estimated absolute binding free energies correlate well in terms of a linear fit to the experimental values when all ligands are assumed to be preferable to bind the same binding pocket. By comparing the results of two other methods, TI and MM-PBSA [27] , the accuracy of this method is almost comparable to that of TI in terms of relative binding free energy. With this in mind, we believe this method to be a promising tool to quantitatively predict the absolute binding free energy in the drug design domain.
Second, we expect a considerable difference in the binding affinity to RNA between theophylline and caffeine to be attributed to the difference in hydrogen bonds of the related environment by analyzing the free energy component. Finally, we find the constant energy of ∼ -7 kcal/mol shifted from the experimental values for all ligands on absolute binding free energy. Though considering several presumable solutions to this problem, this area remains incompletely understood. b These values are obtained using an adaptive λ spacing set (see, in II). 
